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Upon antigenic stimulation, naive CD8+ T cells divert their bioenergetic metabolism from oxidative phosphorylation 
to aerobic glycolysis. This drives CD8 + T cells to differentiate into short-lived effectors, impairing the establishment of 
immunological memory. The pharmacological inhibition of glycolysis with 2-deoxyglucose enhances the generation of 
memory CD8 + T cells and thus improves their immunotherapeutic potential against cancer. 



The establishment of long-lived CD8* 
memory T cells is key for the efficacy 
of anticancer vaccines and T cell-based 
immunotherapies. 1 It is becoming clear 
that both the activity and fate of T cells are 
tightly linked to their metabolic profile, 
attracting considerable interest around 
the possibility of targeting metabolism for 
novel immunotherapeutic applications. 

Metabolomic data and real-time bioen- 
ergetic analyses have shown that distinct 
T-cell subsets display unique metabolic 
programs that are largely determined 
by their energy demand. 2 For instance, 
quiescent CD8* T-cell populations such 
as naive and memory T cells rely on 
fatty acid oxidation (FAO) as a primary 
source for ATP synthesis, as opposed to 
rapidly proliferating effector T cells that 
mainly depend on glycolytic metabolism. 
Whether these metabolic characteristics 
merely reflect functional changes orches- 
trated by diverse transcriptional programs 
or rather instructively dictate T cell fate 
decisions has just begun to be addressed. 

Recent studies have revealed a pivotal 
role for FAO in the generation and main- 
tenance of memory CD8 + T cells. CD8* 
T cells lacking TNF receptor-associated 
factor 6 {Traf6) display severe defects 
in FAO and consequently fail to mount 



a physiological memory response upon 
infection. 3 Conversely, the overexpres- 
sion of carnitine palmitoyltransferase la 
(Cptla), the rate-limiting enzyme of FAO, 
is sufficient to augment the number of 
memory CD8 + T cells and hence potenti- 
ate recall immune responses. 4 These find- 
ings clearly demonstrate that modulating 
FAO can influence the establishment of 
immunological memory, indicating that 
changes in metabolism play a direct role 
in regulating CD8 + T-cell differentiation. 

The observation that naive T cells 
divert their metabolism from FAO to gly- 
colysis in response to antigenic stimula- 
tion was made over 50 y ago, but it still 
remains unclear why T cells adopt a less 
efficient pathway for ATP generation 
under conditions of high energy demand. 
It has been proposed that the major func- 
tion of aerobic glycolysis in rapidly prolif- 
erating cells is to maintain high levels of 
glycolytic intermediates to support ana- 
bolic reactions. 2 However, novel findings 
indicate that glycolysis is dispensable for 
T-cell proliferation but rather is required 
for the post-transcriptional regulation of 
specific effector function such as inter- 
feron 7 (IFN7) production. 5 Additionally, 
recent work has underscored that gly- 
colysis can regulate fate commitment in 



CD4 + T cells by contributing to the lin- 
eage choice between T R 17 and regulatory 
T cells. 6 These findings opened the pos- 
sibility that the level of glycolytic activity 
might directly influence the ability of acti- 
vated T cells to become either effector or 
long-lived memory cells. 

We have recently demonstrated that 
an increased glycolytic flux drives CD8 + 
T cells toward a terminally differentiated 
effector state, while its inhibition preserves 
the formation of long-lived memory CD8* 
T cells (Fig. 1)7 We took three indepen- 
dent approaches to address the role of glu- 
cose metabolism in regulating CD8* T cell 
fate decisions. First, we used a fluorescent 
glucose analog, 2-deoxy-2-[(7-nitro-2,l, 
3-benzoxadiazol-4-yl) amino] -D-glucose 
(2-NBDG) to directly measure glucose 
incorporation in living cells. We found that 
CD8 + T cells taking up high amounts of 
glucose exhibit poor engraftment and fail 
to survive upon adoptive transfer in mice 
infected with a vaccinia virus express- 
ing the cognate antigen. Conversely, cells 
exhibiting limited glucose uptake display 
the molecular signature of memory precur- 
sor cells and efficiently establish immuno- 
logical memory. We next tested whether 
boosting glycolytic metabolism in T cells 
would impair their ability to differentiate 
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Figure 1. Glycolytic metabolism regulates CD8 + T-cell differentiation and effector functions. 
Upon antigen stimulation, naive CD8 + T cells undergo massive clonal expansion and differ- 
entiate into effector and memory cells. This process is accompanied by metabolic alterations, 
including an increased flux via aerobic glycolysis. High levels of glycolysis drive CD8 + T cells 
toward a terminally differentiated effector state that is associated with an impaired antineo- 
plastic activity. Inhibiting glycolysis with 2-deoxyglucose (2-DG) favors the formation of long- 
lived memory CD8 + T cells that mediate enhanced antitumor responses after adoptive transfer. 



into memory cells. We found that the 
overexpression of the glycolytic enzyme 
phosphoglycerate mutase 1 (Pgaml) boost 
aerobic glycolysis in CD8 + T cells, result- 
ing in defective memory responses. Lastly, 
we evaluated whether restraining glycolytic 
metabolism using the hexokinase inhibitor 
2-deoxyglucose (2-DG), would enhance 
memory T-cell formation. Priming CD8* 
T cells in the presence of 2-DG was suf- 
ficient to increase the generation of long- 
lived CD8 + memory T cells and improve 
recall immune responses. Notably, the 
direct blockade of glycolysis by 2-DG was 
associated with an increased expression of 
transcription factors that support CD8* 
T-cell memory, including transcription fac- 
tor 7 (TcfZ), lymphoid enhancer factor 1 
(Left), and B cell CLL/lymphoma 6 (Bcl6), 
as well as an increased activity of forkhead 
box Ol (Foxol), a key regulator of memory 
T-cell differentiation. 



Our results are consistent with new 
findings in CD8 + T cells lacking the 
von Hippel— Lindau (Vhl) oncosuppres- 
sor gene, the main negative regulator 
of hypoxia-inducible factors (HIFs). 8 
The elevated activity of HIFs in Vhl- 
deficient CD8 + T cells stimulate glyco- 
lytic metabolism, increase the expression 
of effector molecules, and hence pro- 
mote effector functions. Conversely, 
transcriptional regulators of memory 
T-cell differentiation including Tcf7 and 
Bcl6 are downregulated in Vht'~ CD8* 
T cells. Moreover, CD8* T cells lack- 
ing Hiflb displayed increased levels of 
CD62L and CCR7, 2 lymphoid homing 
molecules highly expressed in memory 
T cells, and decreased levels of effector 
proteins including perforin 1 and gran- 
zyme B. This provides additional evi- 
dence implicating glycolysis as a pivotal 
regulator of effector vs. memory T-cell 



differentiation'. These findings extend 
beyond mice, as CD8* T cells from 
patients bearing gain-of-function muta- 
tions in PIK3CD — which encodes pi 108, 
a phosphoinositide-3-kinase (PI3K) 
subunit selectively expressed in leuko- 
cytes — exhibit enhanced glucose uptake 
and terminal effector differentiation. 10 
Altogether, these studies indicate that the 
glycolytic flux is tightly linked to tran- 
scriptional programs regulating effector 
and memory T-cell differentiation. 

It remains largely unknown whether 
the direct manipulation of the metabolic 
program of tumor-specific CD8* T cells 
can be employed to enhance the effi- 
cacy of immunotherapy. Current proto- 
cols used to generate T cells for adoptive 
transfer have the disadvantage of driving 
cells toward terminal differentiation. 
We found that blocking glycolysis with 
2-DG in the course of ex vivo expansion 
limits T-cell differentiation, resulting in 
the generation of antitumor cells with 
improved fitness. Indeed, T cells primed 
in the presence of 2-DG accumulated in 
high amounts within neoplastic lesions 
and exhibited increased effector func- 
tions, as measured in terms of cytokine 
release and tumor destruction (Fig. I). 7 
It is important to note that upon 2-DG 
withdrawal CD8* T cells displayed 
an increased glycolytic program at the 
tumor site as compared with their vehi- 
cle-treated counterparts, indicating that 
sustained glycolysis is ultimately required 
for enhanced effector function and anti- 
tumor responses. Consistent with our 
observations, highly glycolytic Vhl- 
deficient CD8* T cells display enhanced 
effector function and are therapeutically 
superior in experimental models of mela- 
noma. 8 Our findings have important 
implications for the design of both T 
cell-based immunotherapies and antican- 
cer vaccines, since they provide evidence 
that targeting cellular metabolism can be 
an effective strategy to potentiate tumor- 
targeting immune responses. 
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